we determined the frequency tuning of the recording site. The best frequency shifted higher as the probe advanced more deeply, demonstrating that the system is capable of optically measuring the dorso-ventral organization of IC (i.e., tonotopicity). Thus, our new micro-endoscope system will be useful in the neurophysiological studies of a wide range of brain circuits, including those within the auditory system.
( Rochefort et al., 2008; Grewe and Helmchen, 2009; Schulz et al., 2012; Ito et al., 2014) . Among which, multi-photon excitation microscopy is especially advantageous because of its high spatial resolution (< 1 µm) and the ability to observe deeper tissue than epi-fluorescence microscopy (Helmchen and Denk, 2005; Sullivan et al., 2005; Direnberger et al., 2008; Rochefort et al., 2008; Murayama and Larkum, 2009; Bandyopadhyay et al., 2010; Bathellier et al., 2012; Schulz et al., 2012; Issa et al., 2014) . However, the deepest observable depth is still around 800 µm from the brain surface (Helmchen and Denk, 2005) , and in vivo recording from further deep areas remains difficult.
Several studies suggest that insertion of optical fiber bundles into deep areas may be effective in overcoming this limitation (Flusberg et al., 2005; Vincent et al., 2006; Murayama et al., 2007; Rochefort et al., 2008; Grewe and Helmchen, 2009; Murayama and Larkum, 2009; Hayashi et al., 2012; Schulz et al., 2012; Osanai et al., 2013) .
Here, we present data from our newly designed micro-endoscopic system that enables simultaneous optical and electrical recordings of neuronal responses through the same optical fiber bundle, whose tip surrounds were metal coated to work as an electrode. Our system allows us to compare optically recorded data with those obtained by well-established electrophysiological methods (i.e., local field potentials : LFP, and multi-unit activities : MUA). We selected the inferior colliculus (IC), a key auditory station in midbrain, as a target for measurements because of the availability of detailed anatomical and physiological information (Ehret and Moffat, 1985; Stiebler and Ehret, 1985; Meininger et al., 1986; Rees and Palmer, 1988; Rees et al., 1997; Schreiner and Langner, 1997; Phillips, 2001; Portfors et al., 2011) and its inaccessibility with traditional optical recording techniques. The results demonstrate the potential of our technique in mapping neuronal circuits in deep brain areas at fine spatio-temporal resolution.
Materials and methods

Animals
Optical recording experiments were conducted on CBA mice purchased from SLC Japan (10 -24 g, aged 4 -12 weeks). In some of the experiments without Ca 2+ indicator dye, we used mutants in which the cellular nucleus of all the cells were ubiquitously labeled with YFP (Kamioka et al., 2012) . Under anesthesia (90 mg/kg ketamine, 5 mg/kg xylazine), fur and skin were removed from the head and a craniotomy was performed over the IC. An aluminum head plate was attached to the skull to fix the head during experiments. We usually added ketamine and xylazine when necessary, e.g., 60 -90 min after the initial injection. All protocols were approved by the Animal Research Committee of the Osaka Bioscience Institute.
Acoustic stimuli
Acoustic stimuli were presented through a ribbon tweeter (TW-III, Pioneer, Kanagawa, Japan) placed in front of the animal in a sound-attenuated chamber (D-50, Sound Japan, Saitama, Japan). The distance between the tweeter and the animal was set to 25 cm. Sound intensity was calibrated using a calibrated condenser microphone (4136, Brüel and Kjaer, Naerum, Denmark) . Stimulus sound waveforms were white noise bursts (2 -60 kHz) or tone bursts (5, 7, 10, 15, 20, 30, 40 and 60 kHz) , which were computed online using MATLAB (MathWorks, Natick, MA, USA). Sound duration was 50 ms including 5 ms rise and fall with raised cosine function. Sound pressure level was varied from 15 to 95 dB SPL (re: 20 µPa) in 10 dB steps. Inter stimulus interval was about 1 sec. Stimulus sound was created by playing the waveform through a 16 bit D/A converter (NI PCI-6259, National Instruments, Austin, TX, USA) at a sampling rate of 200 kHz.
Fabrication of the micro-endoscope probe
The micro-endoscope was fabricated from a commercially available fiber bundle of 3,000 or 6,000 single-mode fibers (FIGH-215S or 300S, Fujikura Ltd., Tokyo, Japan, Fig. 1A ). First, the plastic jacket covering the fiber bundle was chemically denuded using chloroform (Nakalai, Kyoto, Japan) up to 10 mm from the probe tip. Next, the tip was gold-coated using a sputter coater (IB-3, Eiko, Ibaraki, Japan), and then coated with enamel paint (TPU F2-26NC, Tohtoku, Tokyo, Japan) for insulation (Fig.   1B) . By beveling the tip after the above two coatings using an optic fiber beveller (Oshima Shisaku, Tokyo, Japan), only the surrounding edge of the tip became electro-conductive, enabling us to use the endoscope as an electrode for recording or stimulating the circuits under optical observation (Fig. 1B) . The impedance of the electrodes fabricated in this manner was usually around 200 kΩ. We beveled the probe tip to be cone-shaped (slope angle was set to 45 deg) to minimize invasion upon inserting the probe into brain.
The other end of the fiber bundle was polished to obtain an optical flat surface, and scanned with a resonance galvano-mirror (CRS 4 kHz, GSI Lumonics Inc., Billerica, MA, USA) -based laser scanner through an objective lens (MPlan 20x, numerical aperture (NA) = 0.4, Olympus, Tokyo, Japan). The field of view was 215 or 300 µm in diameter, corresponding to the diameter of the fiber bundle. The distance between each optic fiber core, which determines spatial resolution, was around 3.5 µm. The diameter of each optic fiber was around 2 µm. The light spread angle from the endoscope, as calculated from NA of the fiber bundle (ca. 0.4) and the refractive index of the brain tissue (ca. 1.3), was about 36 degrees.
Since a resonant galvano motor generates a tone (4 kHz in this case) that may disturb auditory experiments, confocal optics were placed far from the animal and outside of the sound-proof chamber and connected to the probe via a long fiber bundle (> 2 m). Transmission loss of lights by the long fiber bundle was minimal (ca.
2.5 % per meter).
Hardware and software for acquiring endoscopic image
Detailed description about hardware and software for acquiring and storing endoscopic image was described previously (Goto et al., 2015) . In brief, we used a solid-state blue laser (488 nm, 60 mW, Melles Griot, Carlsbad, CA, USA) for excitation light source. Fluorescence signal was detected by a photomultiplier (R3896, Hamamatsu, Shizuoka, Japan) through an emission filter (FF01-520/35-25, Semrock, Rochester, NY, USA) and stored on a PC through a non-standard analogue frame grabber (PCI-1409, National Instruments, Austin, TX, USA). The pixel clock frequency was set to 10 MHz, and the resolution of raw image was set to 1,250 (Horizontal) x 400 (Vertical) pixels. The time required to obtain one whole frame was 50 ms. We set the interval between frames (time interval between the bottom line of the previous frame and the top line of the current frame, which is required to wait for the Y axis galvano motor (G120, GSI Lumonics Inc., Billerica, MA, USA) to return from bottom to top as 3 ms. Thus the endoscopic image was acquired at every 53 ms.
We used Matlab and Image Acquisition Toolbox to control the frame grabber.
<< Figure 1 mM CaCl 2 , 10 mM glucose, 5 mM HEPES-NaOH) was loaded into glass micro-pipettes (GD-1.2, Narishige, Tokyo, Japan, tip diameter: 5 -8 mm) fabricated using a puller (P-87, Sutter Instruments, Novato, CA, USA). OGB solution (1.0 µL) was injected by pressure into the IC at depths of 250, 650, and 1,050 µm from the brain surface.
Optical recording by micro-endoscope
Thirty minutes after dye loading, the micro-endoscope was inserted into the IC (0.5 -1.5 mm anterior, 0.0 -2.0 mm lateral from lambda, 0.0 -1.5 mm depth from the brain surface) by a motorized micro-manipulator (MM-3, Narishige, Tokyo, Japan, modified to work with CMA-25CCCL, ESP300, Newport, Irvine, CA, USA).
Suitable recording locations were identified by both optical and electrical responses to sound stimuli (50 ms of white noise burst, 85 dB SPL) periodically presented at approximately 1 Hz. Usually finding good recording locations by optical response was more difficult than that by electrical recordings.
Electrophysiological recording
Electrical signals recorded from the glass capillary (used for dye loading) or from the edges of the micro-endoscope tip were impedance-converted using a bridge amplifier ( 
Image processing
In in vivo imaging using fiber bundles, each fiber's core acts as a 'pixel', i.e., each fiber bundle provided 3,000 to 6,000 fluorescence data points corresponding to the number of fibers. Several papers have described the software compensation of images obtained by fiber bundles (Göbel et al., 2004; Perchant et al., 2004; Vincent et al., 2006; Doroshkevich et al., 2008) . We similarly processed our data using MATLAB scripts and several C functions as described below. First, we dipped the probe tip into a green fluorescent solution (10µM of Uranine, similar fluorescence consists of intensity to OGB labeled cells in vivo) and took 100 frames to make one averaged raw image. In the averaged image, we determined the location of each fiber core by finding regional peaks with arbitral size limitations, and linked the pixels of the raw image to each fiber (one fiber core usually consists of around twenty raw image pixels). Next, we averaged the pixel values belonging to each fiber and defined it as 'white' for the corresponding fiber. Then, we dipped the probe into purified water and similarly averaged pixel values and defined it as 'black'. So, each fiber has an identification number, raw image pixels belonging to, and black & white values. We compensated the raw image data by linearly interpolating the fluorescence intensities using black & white values and mapping the calculated fluorescence values on the target mosaic picture which were composed of thousands of tiles, the number of which corresoponded to that of fibers (Perchant et al., 2004) . The shape of the target mosaic picture was set to a circle, indicating that the distortion created by the resonant galvano motor scanning (Leybaert et al., 2005 ) is compensated through this image processing. Endoscopic image was further smoothed using a gaussian filter in Matlab or ImageJ (U. S. National Institutes of Health, Bethesda, MD, USA). Upon the analysis of spatial distortion in the micro-endoscopic observation with cone-shaped tip, we adopted polar coordinates to the processed image described above.
To calculate the change in fluorescence (ΔF/F), the average fluorescence of the four frames before sound presentation (baseline fluorescence : F) was subtracted from the fluorescence obtained in each frame during and after sound presentation.
Results
In vivo micro-endoscopic imaging
IC cells labeled with OGB were examined in vivo by micro-endoscopy (Fig. 1E ). To compare its spatial resolution to that of epi-fluorescence microscopy, acute IC slices (thickness: 300µm) were prepared after in vivo micro-endoscopic observation. As shown in Fig. 1E , spatial resolution of the image obtained by micro-endoscope appeared not so good as that obtained by epi-fluorescence microscope (Fig. 1D ).
However, it was sufficient enough to discriminate the somata from surrounding tissues.
<< Figure 2 around here >>
Spatial distortion of endoscopic image using cone-shaped tip.
To minimize the brain damage accompanied by the insertion of probe, we selected cone-shaped tip. However, there was a considerable distortion in the spatial domain because of the tip shape. For clear representation of this spatial distortion, we used mutant mice in which the cellular nuclei of all the cells were ubiquitously labeled with YFP (Kamioka et al., 2012) and observed IC circuits by our micro-endoscope.
As the probe advanced toward deeper area, the cells located at around the center of the viewfield moved radially to the viewfield edge ( Figs 3A and B) appeared 53 -106 ms after stimulus onset (6th frame). In most cases, within 53 ms after the sound stimulus onset (5th frame), the optical responses appeared, were limited to the lower region of the viewfield (5th frame in Fig. 3A ).
This pattern was due to the method of endoscopic recording; we scanned the viewfield from top to bottom using a point-scanning laser. Thus, care needs to be taken when interpreting temporal aspects of optically recorded Ca 2+ responses.
The LFPs and MUA were recorded at the same time as the optical response (Figs. 3C and D, respectively) . The LFP was characterized by a prominent positive deflection (upward) after the onset of the sound stimulus, followed by a negative deflection (downward, Fig. 3C ). The multi-unit trace showed sustaining unit activities during the stimulus, which returned to baseline levels immediately after it ended ( (Fig. 5A) . MUA increased steeply with sound pressure level up to 35 dB, increased gently above 45 dB, and dropped slightly at the higher sound pressure level tested (above 75 dB) (Fig. 5B) .
The Ca 2+ responses initially increased with sound pressure level, reaching a maximum at 55 dB, and decreased at higher sound pressure levels (Fig. 5C) . Thus, the Ca 2+ response was more similar to MUA than to LFP amplitudes in this example.
In some of data, we found spots whose area size corresponded to that of IC-neurons (10 -30 µm in diameter, Fig. 5D ). By separately analyzing individual spots, we could observe independent response properties to changes in sound pressure level for each spot. Although, additional labeling of cell bodies (as shown in To assess whether our system could detect dorso-ventral topographic organization in the IC, we systematically changed the depth of the micro-endoscope probe (depths of 150, 500, and 1,500 µm) while recording Ca 2+ responses to tone bursts at varying sound frequencies (5, 7, 10, 15, 20, 30, 40 , and 60 kHz) and sound pressure levels (25 -95 dB SPL at 10 dB steps) (Fig. 6 ). Some Ca 2+ responses were observed even at 25 dB SPL with 7 kHz tone bursts at 150 µm depth (Fig. 6A ), whereas at 500 µm depth, the most sensitive and robust responses were observed at 15 kHz (Fig. 6B) . Similarly, when the probe was placed 1,500 µm below the brain surface, the frequency that elicited the greatest response shifted even higher to 30 kHz (Fig. 6C) . These results are in agreement with previous reports of the tonotopic organization of the IC with unit recordings; dorsally located cells respond more intensely to lower frequencies and ventrally located ones more to higher frequencies, respectively (Schreiner and Langner, 1997; Portfors et al., 2011) , confirming the usefulness of our recording system for examining the spatial organization of deep brain regions.
Discussion
Endoscopic image
We formed the endoscopic tip to be cone-shaped. We also tried flat surfaces with or without 45 deg slope. The latter (flat surface without slope) would be better in terms of spatial distortion, however it was very hard to be inserted into brain tissue. The former (flat surface with 45 slope) was easily inserted, however we sometimes encountered hemorrhage presumably due to the damage of small vessels during insertion. With cone-shaped tip, on the contrary, we have not experienced hemorrhage.
Therefore, we adopted this type of tip shape in the present study.
Images recorded through our micro-endoscope have sufficient spatial resolution to resolve each cell (Fig. 1E) . Although the resolution is lower than that of epi-fluorescence (Fig. 1D) or single-or multi-photon confocal microscopy, we can detect labeled cell clusters, observed as white grains. Because the size of collicular neurons in mice ranges from 5 to 30 µm (Meininger et al., 1986) , and the focal depth of our endoscope probe was approximately around 30 µm (unpublished data, see also EMBO reports; Vincent et al., 2006) , recorded cell bodies were likely located within only a single-neuronal layer in the vicinity of the micro-endoscope tip. The spatial resolution of our optical probe was 3.5 µm, which would be enough for most neurons of normal sized cell bodies ( > 8 µm), however, higher spatial resolution would be appreciated when targeting very small cells, e.g., cerebellar granule cells.
Auditory responses
We observed Ca 2+ responses (ΔF/F) to sound stimuli in the range of 3 -6 % (Figs. 3 -6 ), comparable to previous reports Schulz et al., 2012) . For example, fluorescence changes in the somato-sensory cortex recorded through optical fibers upon electrical stimulation of fore-and hindpaws were less than 10 % (Schulz et al., 2012) . However, the same study also reported that signal changes using a two-photon excitation microscope ranged from 40 to 100 % (Schulz et al., 2012) . This difference in the signal change likely results from a general difference between imaging methods; another two-photon microscopy study using OGB observed signal changes of 25 -60 % in the auditory cortex .
Importantly, response latencies of LFPs and MUA were elongated with decreasing sound pressure level (Fig. 4D ). This intensity-latency relationship has been reported in several neurophysiological studies of IC circuits using electrodes (Pedemonte et al., 1997; Klug et al., 2000) . These results, thus, indicate that our system accurately recorded electrophysiological responses in addition to optically measured responses.
Simultaneous optical and electrical recordings
Our endoscope system recorded auditory responses both optically and electrically.
While the temporal resolution of Ca 2+ responses was limited (Fig. 3B) , the optical recordings allowed resolution of individual cells (Fig. 1E ). Electrophysiological recordings, on the other hand, proved to serve a complementary role. While they did not provide any spatial information (because we used only one electrode), they did provide greater temporal resolution than optical recordings. Simultaneous optical and electrical recordings can thus supplement each other by providing fine spatial and temporal information, respectively.
Our endoscope for simultaneous optical and electrical recording enabled detailed comparison between LFPs, MUA and Ca 2+ responses (Figs. 4 and 5) . The fluorescence intensity of OGB was reported to increase proportionally with the number of spikes (Ikegaya et al., 2005) , however, it was also reported to reflect subthreshold response (Bandyopadhyay et al., 2010) . LFPs were supposed to reflect the sum of synaptic current flowing around the vicinity of electrodes (Kajikawa and Schroeder, 2011; Osanai et al., 2013) . Detailed comparison between the optically recorded Ca 2+ response and several electrophysiologically recorded phenomena, which our system enables, will thus contribute to the better understanding of the physiological role of Ca 2+ responses.
Frequency-dependent changes
Response magnitude changed systematically with changes in sound pressure level and frequency, indicating that we observed the frequency tuning of the recording site (Fig. 6A) . Optical signal increased with sound pressure level; the frequency that evoked an observable change in the optic signal at the lowest sound pressure level was 7 kHz, which may be analogous to the characteristic frequency observed in unit recordings (Peña, Jose, Luis et al., 2001) . The frequency that elicited the largest response shifted to lower frequencies (5 kHz) as the stimulus intensity increased (Fig.   6A ).
In most cases, the size of an area activated by sound (Figs. 3A, 4B, and 5D) was larger than that of IC neuron's cell body (5 -30 µm; Meininger et al., 1986) . This difference is in agreement with previous findings that fluorescence changes in OGB result from Ca 2+ changes at both cell bodies and dendrites .
As seen in Fig. 6A , a large portion activated by stimulus appeared to be similarly modulated, with little difference in the location or size of activated areas between different stimuli. The width of a single frequency layer has been reported to be approximately 120 -180 µm (Schreiner and Langner, 1997) , while the size of our field of view was 300 µm. This system might enable us to observe a few frequency laminae simultaneously, if the penetrate angle is perpendicular to the layers. In addition, a unit recording study determined the characteristic frequency difference between adjacent neurons in the IC to be 0.3 octaves (no more than 2 octaves) (Schneiner and Langner, 1997; Chen et al., 2012) , while the frequency resolution in our protocol was approximately 0.5 octaves. Therefore, our field of view may have contained more than two frequency areas.
The difficulty and reproductively of this methods
Capturing auditory response electrically has become very stable recently, without failure (e.g. 5 out of 5 animals), although we initially encountered several troubles with electrical recordings, mainly due to the unstable electrical contact between the probe and the preamplifier. Optical recording was more difficult than electrical recording presumably because the tissue with optimized concentration of Ca 2+ dye was restricted to a relatively small area and was not easily hit by the probe. To increase the success ratio, we modified the electrode holder so that it can hold either the glass capillary for dye loading or the micro-endoscope for response recording.
With such modification, our recent success rate in capturing auditory response optically was 75 %, e.g., 3 out of 4 animals.
As to the reliability or reproducibility of recording, it strongly depended on the time required to collect data. It usually took c.a. 30 sec (i.e. 27 times averaging of 1 sec data) to obtain clear optical and electrical responses to one sound condition, as was exemplified in Fig. 3 (with almost no spontaneous baseline activity in the optical data). Also we wrote Matlab codes to analyze optical data after one series of dataset was achieved, to know the recording condition online. This analysis took more than 1 min for each dataset. Thus, it took more than 90 sec to obtain a dataset for one sound condition. In the series of experiments such as in Fig. 6 , in which response has to be recorded with several sound conditions (56 conditions in Fig. 6A ), the time required to collect all the data was considerably long (e.g. more than 90 min in Fig. 6A ). It was difficult to keep stable anesthetic state throughout such a long time measurement.
Therefore, we do not have other optical datasets of frequency tuning curve than were presented in Fig. 6 . However, experiments with a single (Fig. 3) or a small number of sound conditions (Fig. 4 : 9 conditions), we have many other datasets (e.g. 19
optically recorded datasets for level-rate function, as Fig. 4 ). Most data (Twelve out of nineteen) showed non-linear rate-level function as was exemplified in Fig. 5 .
Conclusion
Our micro-endoscopic system records both optical and electrophysiological (LFPs and MUA) data. The spatial resolution of this system is lower than that of two-photon excitation microscopy, but it can record signals from deep areas of the brain, which 
